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Abstract 



A driving apparatus using a transducer. The apparatus comprises an electro-mechanical 
transducer (18), a driving shaft (13), a moving member (14) and a pushing member (12). The 
driving shaft (13) is coupled with the electro-mechanical transducer (18); the moving member 
(14) is pushed against the driving shaft (13) for frictional coupling therewith, the pushing 
member (12) being interposed between the driving shaft (13) and the moving member (14). The 
moving member (14) is connected with the targt moving object (11) such as a lens mechanism. 
In operation, the electro-mechanical transducer is fed with driving pulses of a frequency of at 
least 18 kHz so that the transducer and the driving shaft (13) will be displaced slowly in one 
direction and rapidly in the opposite direction, whereby the moving member (14) coupled 
frictionally with the draving shaft (13) is driven axially in a reciprocating manner at two different 
velocities. Repeating these operations allows the moving member (14) to move slowly in the 
same axial direction in which the driving shaft (13) is driven, whereby the lens mechanism (11) 



or the like connected to the moving member (14) is moved up to the desired position. 
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^ © A driving apparatus using a transducer. The apparatus comprises an electro- mechanical transducer (18), a 

^ driving shaft (13), a moving member (14) and a pushing member (12). The driving shaft (13) is coupled with the 
electro-mechanical transducer (18); the moving member (14) is pushed against the driving shaft (13) for frictional 

gg coupling therewith, the pushing member (12) being interposed between the driving shaft (13) and the moving 
member (14). The moving member (14) is connected with the targt moving object (11) such as a lens 
mechanism. In operation, the electro-mechanical transducer is fed with driving pulses of a frequency of at least 
18 kHz so that the transducer and the driving shaft (13) will be displaced slowly in one direction and rapidly in 
the opposite direction, whereby the moving member (14) coupled frictionally with the dravtng shaft (13) is driven 
axially in a reciprocating manner at two different velocities. Repeating these operations allows the moving 
member (14) to move slowly in the same axial direction in which the driving shaft (13) is driven, whereby the 

Q_ lens mechanism (11) or the like connected to the moving member (14) is moved up to the desired position. 
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BACKGROUND OF THE INVENTION 

1 . Field of the Invention 

The present invention relates generally to a driving apparatus for driving lenses and other parts using a 
transducer such as an electro-mechanical transducer. More particularly, the invention relates to a driving 
apparatus which drives such optical system lenses as the photographic lenses of cameras, projection 
lenses of overhead projectors, binocular lenses and copier lenses, the apparatus being also used in driver- 
equipped devices such as plotters and X-Y drive tables. 

2. Description of the Related Art 

There have been proposed impact type driving apparatuses using an electro-mechanical transducer 
having a piezo-electric element for driving component parts in cameras and other precision equipment. One 
such driving apparatus is disclosed in Japanese Patent Laid-Open No. Hei 4-69070. The disclosed 
apparatus will now be outlined with reference to Figs. 50 and 51. The mechanical parts shown in Fig. 50 
may also be utilized in implementing the driving apparatus of this invention. 

Fig. 50 illustrates a lens driving apparatus in which reference numeral 201 is a lens supporting barrel 
and 203 is a guide bar that supports and guides the barrel 201 in the optical axis direction. The guide bar 
203 supporting and guiding the barrel 201 penetrates a fork 201 f formed on a support member 201 e 
extending from the barrel 201 . 

Reference numeral 217 is a driving member that doubles as a barrel support member. The member 
217 supports the barrel 201 in cooperation with the support member 201 e while driving the barrel 201 
axially. The driving member 217 penetrates bearing holes 213b and 213d formed respectively on bearings 
213a and 213c. The bearings 213a and 213c are furnished on a support member 213. Located as shown, 
the driving member 217 is movable axially. The driving member 217 further penetrates holes 201b and 
201 d formed respectively on two ends 201a and 201c of a bracket 201k. The bracket 201k extends from 
the barrel 201 in the opposite direction of the support member 201 e. The rear end of the driving member 
217 is fastened to the front end of a piezo-electric element 212. The rear end of the piezo-electric element 
212 is fixed to another end plate 21 3e of the support member 213. 

In Fig. 50, a plate spring 214 is attached with screws 215 and 216 to the two ends 201a and 201c of a 
bracket 201k from below. The plate spring 214 is positioned so as to be parallel to the driving member 217. 
In the approximate middle of the plate spring 214 is a friction part 214c protruding upward. When coming 
into contact with the driving member 217, the friction part 214c produces a frictional force between the 
barrel 201 (whose contacting part is the bracket 201k) and the driving member 217. The frictional force 
drives the barrel 201 that is frictionally coupled. The frictional force derives from and varies with the spring 
pressure of the plate spring 214. 

A driving circuit 205 supplies the piezo-electric element 212 with a voltage. The piezo-electric element 
212 is expanded or contracted in accordance with the supplied voltage. A position detecting circuit 208 
detects the position of the barrel 201 . When the barrel 201 is driven and detected to have reached its target 
position, the detecting circuit 208 orders the driving circuit 205 to stop. This terminates the supply of the 
voltage to the piezo-electric element 212. 

As the piezo-electric element is expanded or contracted by the supplied voltage in order to actuate the 
driving member 217 in its longitudinal direction, the resulting frictional force moves the frictionally coupled 
barrel 201 accordingly. When the barrel 201 reaches its target position, the expansion or contraction of the 
piezo-electric element 212 ends and the driving action comes to an end. 

Suppose that with the driving member 217 positioned horizontally, N stands for the vertical drag of the 
driving member 217 against the pressure from the plate spring 214, u for the coefficient of static friction 
between the driving member 217 and the barrel 201, and Mm for the moving member mass involved. In 
that case, the maximum coefficient of static friction Fs between the driving member 217 ad the barrel 201 is 
given as: 

Fs = u(Mm^g + N) 

If the coefficient of dynamic friction is assumed to be represented by u\ the dynamic frictional force Fd of 
this example is given as: 



Fd = u'(Mm-g + N) 
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As the driving member 217 is moved, the resulting frictional force moves the barret 201 accordingly. If 
the acceleration of the driving member 217 is sufficiently small, the barrel 201 can move without sliding 
over the driving member 217. Once beyond a critical value, the acceleration causes the barrel 201 to slide 
5 over the driving member 217. The critical value At for the acceleration is given as: 

AJt = Fs/Mm 

With conventional driving apparatuses of the above kind, when the driving member is moved in the 

10 target direction, the acceleration of the driving member (i.e., barrel) is set below the critical value AJt so as 
not to let the moving member slide over the driving member; when the driving member is moved opposite 
to the target direction, the acceleration of the driving member is set beyond the critical value AJt so as to 
have the moving member slide over the driving member. 

Referring to Fig. 50, suppose that the barrel 201 (i.e., moving member) is driven in the direction of the 

is arrow a (in the direction in which the lens is moved) by the piezo-electric element 212. In this example, the 
voltage applied to the piezo-electric element 212, displacements, velocities and acceleration are shown in 
Fig. 51 through Fig. 54. In Fig. 52 through Fig. 54, solid lines (a) represent the characteristics of the driving 
member 217 and broken lines (b) denote those of the moving member (barrel) 201. 

Fig. 51 shows a typical waveform of pulses applied to the piezo-electric element 212. At each pulse, the 

20 voltage is slowly raised and then rapidly turned off. This keeps the acceleration from exceeding the critical 
value while the voltage is being applied to the piezo-electric element 212. With the acceleration held below 
the critical value, the moving member moves together with the driving member. When the voltage is turned 
off, the acceleration exceeds the critical value AX so that the moving member remains substantially 
stationary (or slightly retracted under some circumstances) whereas the driving member alone returns to its 

25 initial position. Repeating this action translates the reciprocal motion of the driving member into a 
unidirectional movement of the moving member. Fig. 52 depicts how the conventional driving and moving 
members are displaced over time. 

Fig. 53 indicates typical velocities at which the driving member and the moving member are moved, 
and Fig. 54 illustrates how the driving member and the moving member are typically accelerated over time. 

30 As shown, the higher the frequency of the supplied voltage (i.e., driving frequency), the higher the velocity 
of the moving member. 

The driving member and the moving member (i.e., barrel 201) may also be coupled frictionally as 
shown in Fig. 55. In Fig. 55, a lens barrel 221 (moving member) is furnished peripherally with notched 
sleeves 222 and a groove 223. A driving shaft 225 (driving member) penetrates the sleeves 222, and a 
35 support shaft 226 is engaged with the groove 223. Springs 227 engaged with the grooves of the sleeves 
222 are pressed against the driving shaft 225. This generates an appropriate frictional force between the 
contacting parts. 

In acquiring their driving force, the above-described driving apparatuses using the electro-mechanical 
transducer utilize the frictional coupling force between the moving member and the driving member 

40 attached to the transducer. The driving force thus obtained is not sufficient where the frictional coupling 
force is not enough between the driving and the moving member, e.g., in a setup where lubricant is 
introduced between the driving and the moving member, or in a case where the contact surface of the 
moving member needs to be specularly finished with regard to the other parts involved. 

When driving apparatuses of this kind are used in cameras or other portable devices, the positional 

45 relationship between the driving and the moving member varies with the attitude in which the portable 
device is operated. This causes the frictional coupling force between the driving and the moving member to 
fluctuate, making it difficult to ensure stable driving force. 

In the examples of Figs. 50 through 55, attempts could be made to increase the recoiling force of the 
plate spring so as to generate a sufficient frictional coupling force between the moving member and the 

so driving member equipped with the plate spring. In such cases, the contacting portions form a point or a line. 
This can result in an abnormally increased contact pressure concentration making the acquisition of steady 
driving force difficult. 

The above-described driving apparatuses using the electro-mechanical transducer such as the piezo- 
electric element utilize the expansion and contraction of that transducer for the actuating motion. The 
55 velocity of the moving member is associated with the frequency of driving pulses applied to the electro- 
mechanical transducer and with the amount of displacement of the transducer fed with such driving pulses. 
Under this condition, as long as the displacement of the electro-mechanical transducer varies more or less 
proportionately depending on the driving pulses applied thereto, the velocity of the moving member may be 
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increased by raising the frequency of the driving pulses. 

When the velocity ratio of expansion to contraction of the electro-mechanical transducer (i.e., expanding 
velocity/contracting velocity) is sufficiently high (2, 3 or higher from the inventors* experiments), the amount 
of movement of the moving member is close to the amount of the electro-mechanical transducer activated 

5 by each driving pulse applied to the latter. 

However, electro-mechanical transducers have a physical characteristic called a delayed response. The 
delayed response is a phenomenon wherein the electro-mechanical transducer produces a displacement 
upon elapse of a certain period of time following the supply of a driving pulse. Because of this 
characteristic, higher frequencies of the driving pulses applied to the electro-mechanical transducer are 

to more liable to cause the expanding and contracting displacements to overlap. The phenomenon eventually 
reduces the velocity ratio of expansion to contraction of the electro-mechanical transducer. Furthermore, the 
delayed response time varies with the mass of the driving and moving members as well as with the elastic 
modulus thereof. 

When the electro-mechanical transducer is supplied with sawtooth driving pulses such as those used in 

is the examples above, the transducer generates vibration called ringing. Thus the electro-mechanical 
transducer adds the ringing vibration to the displacement it generates. When the displacement of the 
electro-mechanical transducer is supplemented by the ringing vibration, the driving member coupled to with 
the transducer vibrates simultaneously. This reduces the velocity of the moving member in motion. 

It is a known fact that the ringing vibration is avoided by making the rise time of each driving pulse an 

20 integer multiple of the resonance frequency of the driving system in use. However, the moving member is 
moved only when the rise time of each driving pulse is made shorter than the fall time thereof. This means 
that the rise time of the driving pulse must be less than half of, or in practice much smaller than, each 
driving period. Where the driving period is substantially short, the method of making the pulse rise time an 
integer multiple of the resonance frequency cannot be practiced. 

25 In the conventional setup of Fig. 50, a rapid expansion or contraction of the piezo-electric element 212 
causes the dynamic frictional force between the barrel 201 and the driving member 217 to shift the barrel 
201 more or less together with the driving member 217. This can move the barrel 201 opposite to the 
desired direction, causing losses in its displacement. The greater the frictional force, the larger the driving 
losses. However, contrary to what might be expected from this, reducing the frictional force may not be 

30 preferable in practice for the following reasons: 

The greater the inertia of the driving system, the greater the frictional force the system needs for its 
actuating motion. If the mass of the member to be driven becomes larger, the frictional force must be 
increased correspondingly to counter it. It may well be that the practiced application in question will not 
work unless a substantially large frictional force is somehow generated. 

35 Furthermore, since lower frequencies of driving pulses fed to the piezo-electric element 212 can raise 
the vibration noise to an annoyingly audible level, relatively high driving frequencies are preferred in 
practice. This, however, means that even slow expansion and contraction of the piezo-electric element 212 
can result in a fairly high velocity of displacement. For the barrel 201 (moving member) to by driven by the 
driving member 217 then requires a substantially large frictional force. 

40 Suppose that there is provided a setup where a plate spring is pressed directly against the driving 
member to generate the necessary frictional force in the contacting portions. In this setup, the driving 
member is assumed to move reciprocally at varying velocities in the forward and reverse directions with 
respect to the axial direction. In such a case, the plate spring deforms elastically in its moving direction. 
Specifically, that part of the plate spring which contacts the driving member is deformed relative to the 

45 moving member. This means that the displacement caused by the reciprocal motion of the driving member 
cannot be transmitted precisely to the moving member. As a result, the moving member such as the lens 
barrel cannot be moved as desired. 

With the above-mentioned impact type driving apparatus using the electro-mechanical transducer, the 
transducer fed with driving pulses of a given frequency mechanically vibrates the driving system composed 

so of the driving member and of the moving member frictionally coupled with the driving member. This 
inevitably causes the driving system to generate a vibration noise corresponding to the frequency of the 
supplied driving pulses. 

The impact type driving apparatus generally adopts driving pulses having frequencies ranging approxi- 
mately from 100 to 500 Hz. When such a driving apparatus is activated, the vibrating noise is audible to the 
55 human ear. Conventionally, few measures have been taken specifically to inhibit such noise. The relatively 
low level of the generated noise did not encourage the effort to suppress it. 

When a driving apparatus of the above kind is incorporated in portable equipment used under quiet 
circumstances, the vibrating noise from the driving apparatus in motion becomes conspicuous. In particular, 
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if the equipment incorporating the driving apparatus is a camera operated illustratively in a concert hall, the 
noise from the activated apparatus cannot be ignored. 

In the conventional setup of Fig. 50, parts of the driving apparatus cannot be replaced unless the entire 
setup is taken apart. This is because the driving member 217 is coupled directly to the barrel 201. Where 

5 the electromechanical transducer such as a piezo-electric element is used for the driving action, the 
reciprocating motion takes place rapidly. This causes the electro-mechanical transducer, the driving 
member and the moving member to suffer from impact-related breakage and from the impact-induced 
peeling of bonded parts more often in the above apparatus than in other kinds of driving apparatuses. Such 
irregularities, if developed in the above type of driving apparatus, are difficult to deal with. 

io The entire setup of the driving apparatus also needs to be disassembled conventionally when it is 

desired to repair and/or clean the driven parts (the barrel and lens in the above example). 

Also in the setup of Fig. 50, it is impossible to remove the driving apparatus alone without disassem- 
bling the whole setup. This means that the driving apparatus alone cannot be tested independently for 
performance; it must be assembled into the target equipment, tested for performance, and dismounted 

15 again if necessary from the target equipment for further adjustment. The procedure adds redundant steps to 
the process of manufacturing the target product and thus leads to cost increases. 

Furthermore, the conditions for efficiently activating driving apparatuses using the above-mentioned 
impact type actuator have yet to be fully clarified. 

20 SUMMARY OF THE INVENTION 

It is therefore a principal object of the present invention to provide a driving apparatus using a general- 
purpose transducer, the apparatus driving the target moving member at higher velocities than ever before. 

It is another object of the invention to provide a driving apparatus using a transducer, the apparatus 
25 furnishing a sufficient frictional coupling force between the driving and the moving member in use. 

It is a further object of the invention to provide a driving apparatus using a transducer, the apparatus 
driving the target moving member with a driving member at higher velocities than before by minimizing the 
delayed response of the transducer incorporating that driving member. 

It is an even further object of the invention to provide a driving apparatus using a transducer, the 
30 apparatus driving the target moving member at higher velocities than before by employing an appropriately 
selected material from which to make the driving member of the transducer, the driving member of the 
selected material minimizing the delayed response of the transducer. 

It is a still further object of the invention to provide a driving apparatus using a transducer, the 
apparatus driving the target moving member at higher velocities than before by suppressing the ringing 
35 vibration generated by the transducer. 

It is a yet further object of the invention to provide a driving apparatus using a transducer, the apparatus 
in motion preventing its vibrating noise from reaching an acoustic level audible to the human ear. 

It is another object of the invention to provide a driving apparatus using a transducer, the apparatus 
preventing losses in the driving action while remaining practically effective when used in the target 
40 application in question. 

It is a further object of the invention to provide a driving apparatus using a transducer which works 
efficiently by employing driving pulses of an optimum frequency range. 

These and other objects, features and advantages of the invention will become more apparent upon a 
reading of the following description and appended drawings. 

45 

BRIEF DESCRIPTION OF THE DRAWINGS 

Fig. 1 is a perspective view of a driving apparatus using an electro-mechanical transducer practiced as a 
first embodiment of the invention; 
50 Fig. 2 is a perspective view of a first variation of the first embodiment, depicting the frictionally coupled 
parts thereof; 

Fig. 3 is a perspective view of a second variation of the first embodiment, illustrating the frictionally 
coupled parts thereof; 

Fig. 4 (a) and Fig. 4 (b) are diagrams showing typical waveforms of driving pulses applied over time to a 
55 piezo-electric element; 

Fig. 5 is an equivalent circuit diagram of the piezo-electric element; 

Fig. 6 (a) is a diagram of a typical waveform of driving pulses fed over time to a piezo-electric element; 
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Fig, 6 (b) is a diagram of typical displacements generated by the piezoelectric element supplied over 
time with the pulses of Fig. 6 (a); 

Fig. 7 is a circuit diagram of a first example of the driving circuit used by the piezo-electric element 

according to the invention; 
5 Fig. 8 (a) is a diagram illustrating the current output over time by the driving circuit of Fig. 7; 

Fig, 8 (b) is a view of typical displacements generated over time by the piezo-electric element; 

Fig. 9 is aview presenting a typical relationship between the frequency of driving pulses supplied to an 

electro-mechanical transducer and the velocity of a moving member driven by the transducer; 

Fig. 10 (a) and Fig. 10 (b) are diagrams showing how electro-mechanical transducers comprising 
io different driving shafts produce different delayed responses; 

Fig, 11 is an exploded perspective view of a driving apparatus used to drive the focusing lens of an 

optical system and practiced as a second embodiment of the invention; 

Fig. 12 is a perspective view showing how the driving apparatus of Fig. 11 is assembled; 

Fig. 13 is a perspective view of the second embodiment as it is used to drive the focusing lens of the 
is optical system; 

Fig, 14 (a) and Fig. 14 (b) are diagrams illustrating typical waveforms of voltages applied to an electro- 
mechanical transducer; 

j Fig. 15 (a) through Fig. 15 (e) are views picturing variations of the mounting part of the driving apparatus 

of Figs. 11 and 12; 

20 Fig. 16 (a) and Fig. 16 (b) are views describing a variation of one end of the driving apparatus shown in 
Fig. 11 and Fig. 12; 

Fig. 17 is an exploded perspective view of the driving apparatus of Fig. 11 as it is applied to the lens 
barrel of a camera; 

Fig. 18 is a cross-sectional view illustrating in an enlarged manner the contacting portions between the 
25 driving shaft and the slider associated with the driving apparatus shown in Figs. 11 through 13; 

Fig. 19 is a diagram showing relationships between the moving velocities and the elastic moduli of some 
typical materials from which to make sliders and friction members; 

Fig. 20 is a perspective view indicating a first variation of a slider-and-friction member combination; 
Fig. 21 is a perspective view indicating a second variation of the slider-and-friction member combination; 
30 Fig. 22 is a block diagram of a second example of the driving circuit used by the pie20-electric element 
according to the invention; 

Fig. 23 is an equivalent circuit diagram comprising a piezo-electric element, a driving shaft and a slider 
and showing how a frictional force is generated illustratively between the driving shaft and the slider; 
Fig. 24 is a circuit diagram of a current charging and a current discharging circuit; 
35 Fig. 25 is a timing chart depicting typical timings of a driving mechanism in its expanding action; 

Fig. 26 is a timing chart showing typical timings of the driving mechanism in its contracting action; 
j Fig. 27 (a) is a diagram illustrating a typical waveform of the voltage applied to a piezo-electric element; 

Fig. 27 (b) is a diagram illustrating displacements of a driving shaft activated in response to the applied 
voltage whose waveform is shown in Fig. 27 (a), the diagram also indicating the amount of movement of 
40 a slider frictionally coupled with the driving shaft; 

Fig. 28 is a diagram presenting driving velocities of a driving member and moving velocities of a moving 
member; 

Fig. 29 is a diagram showing driving acceleration of a driving member and moving acceleration of a 
moving member; 

45 Fig. 30 (a) and Fig. 30 (b) are diagrams showing how, at different resonance frequencies, the driving 
frequency for a driving member is typically related to changes in the velocity of a moving member 
moved horizontally by the driving member; 

Fig. 31 (a) and Fig. 31 (b) are diagrams showing how, with a piezo-electric element driven on different 
maximum voltages, the driving frequency for the driving member of the element is typically related to 

so changes in the velocity of a moving member moved horizontally by the driving member; 

Fig. 32 (a) and Fig. 32 (b) are diagrams showing how, with a piezo-eiectric element driven by voltages of 
different waveforms, the driving frequency for the driving member of the element is typically related to 
changes in the velocity of a moving member moved horizontally by the driving member; 
Fig. 33 (a) and Fig. 33 (b) are diagrams showing how, with moving members having different masses, 

55 the driving frequency for a driving member is typically related to changes in the velocity of each moving 
member moved horizontally by the driving member; 

Fig. 34 (a) and Fig. 34 (b) are diagrams showing how, given different frictional forces between a driving 
and a moving member, the driving frequency for the driving member is typically related to changes in 
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In the first variation of Fig. 2, the friction plate is made of a permanent magnet with no spring plate 
utilized. The first variation thus constituted contributes to reducing the number of component parts as well 
as the number of assembly steps. 

The constitution of the first variation in Fig. 2 will now be described in more detail. In Fig. 2, those 
5 component parts having their functionally equivalent counterparts in the first embodiment of Fig.' 1 are 
designated by like reference numerals. Those component parts having no counterparts in the first 
embodiment are described specifically, and repetitive descriptions of any parts are omitted where appro- 
priate. 

In Fig. 2, a friction plate 32 has an N-pole and an S-pole furnished astride the driving shaft 13. The 

70 driving shaft 13 is located on top of the zoom lens barrel 11 formed of a magnetic substance. A magnetic 
path develops between the friction plate 32 and the 200m lens barrel 11. The zoom lens barrel 11 attracts 
the friction plate 32 which pushes the driving shaft 13. Thus the driving shaft 13 comes into surface-to- 
surface contact with the zoom lens barrel 11 and friction plate 32, whereby a frictional force is generated 
over the contacting surfaces. 

75 The keep plates 15 and 16 are fixed to the left- and right-hand ends of the zoom lens barrel 11 with 

small screws 15a. These plates 15 and 16 prevent the friction plate 32 from getting dislodged axially along 
the driving shaft 13. An elastic cushion member 33, made of rubber or synthetic resin, is interposed 
between the friction plate 32 and the zoom lens barrel 11. The cushion member 33. provided to adjust the 
attraction of the magnet, may be omitted where circumstances permit. 

20 Although the first variation of the first embodiment has the zoom lens barrel 11 made of the magnetic 

substance, the barrel 1 1 may be formed alternatively of a non-magnetic substance. In this case, a magnetic 
plate is secured to the surface facing the friction plate 32. 

Fig. 3 illustrates the second variation of the first embodiment, highlighting the frictionally coupled parts 
thereof. In Fig. 3, reference numeral 41 is a lens barrel, a moving member that supports a lens 40. The lens 

25 barrel 41 is furnished peripherally with a sleeve 42 having a notch 42a. A driving shaft 44 penetrates the 
sleeve 42. The notch 42a of the sleeve 42 is engaged with a friction plate 42b shaped to fit the notch 
contour. A pressure contact spring 43 is fixed to the sleeve 42 with small screws 43a. The spring 43 is 
secured in such a manner that a curved portion 43b in the middle of the spring pushes the friction plate 
42b. 

30 The driving shaft 44 penetrates the sleeve 42 and friction plate 42b. With the pressure contact spring 
43 causing the friction plate 42b to push the driving shaft 44 into the sleeve 42, the driving shaft 44 comes 
into surface-to-surface contact with the sleeve 42 and friction plate 42b, whereby an appropriate frictional 
force develops over the contacting surfaces. 

The driving shaft 44 is supported in an axially movable manner by a frame not shown but similar to that 

35 of the first embodiment. One end of the driving shaft 44 is attached fixedly to one end of the piezo-electric 
element that is displaced in the direction of its thickness. The other end of the piezo-electric element is 
fixed to the frame. 

Reference numeral 45 in Fig. 3 is a groove furnished on then periphery of the lens barrel 41, and 46 is 
a support bar engaged with the groove 45. The support bar 46 supports the lens barrel 41 movably in the 

40 optical axis direction, preventing the barrel 41 from swiveiing around its optical axis. 

In the constitution of the second variation described above, a power unit, not shown, may supply the 
piezo-electric element with driving pulses of the waveform in Fig. 4 (a) wherein each pulse is composed of 
a slowly rising leading edge followed by a rapidly failing trailing edge. At the slowly rising leading edge of 
each driving pulse, the piezo-electric element is expanded slowly in the direction of its thickness. The 

45 driving axis 44 moves in the arrowed axial direction a in a correspondingly slow manner. 

At this point, the sleeve 11 moves in a substantially simultaneous manner with the driving shaft 44. The 
movement is effected because the friction plate 42b is pressed by the contact pressure spring 43 so that 
the driving shaft 44 is in surface-to-surface contact with the sleeve 42 and friction plate 42b, the 
components being coupled by the frictional force generated on their contacting surfaces. 

so At the rapidly falling trailing edge of the driving pulse, the piezo-electric element is rapidly contracted in 
the direction of its thickness. This causes the driving shaft 44 to move rapidly and axially opposite to the 
arrowed direction a. At this point, the inertia of the lens barrel 41, sleeve 42 and friction plate 42b 
overcomes the frictional force between the driving shaft 44 on the one hand and the sleeve 42 and friction 
plate 42b on the other. Thus the lens barrel 41 , sleeve 42 and friction plate 42b stay substantially stationary 

55 where they are. 

The driving pulses of the above waveform are supplied continuously to the piezo-electric element This 
causes the tens barrel 41 to move continuously in the arrowed direction a. 
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When the lens barrel 41 is desired to be moved opposite to the arrowed direction a, the power unit is 
switched to select and generate the driving pulses of the waveform in Fig. 4 (b) wherein each pulse is 
composed of a rapidly rising leading edge followed by a slowly falling trailing edge. The selected driving 
pulses are supplied to the piezo-electric element, which in turn causes the lens barrel 41 to move in the 
s desired direction. 

In the second variation of the first embodiment in Fig. 3, the friction plate 42b may also be composed of 
a permanent magnet with no spring plate used. This constitution contributes likewise to reducing the 
number of component parts as well as the number of assembly steps. 

In the embodiments described above, the piezo-electric element is used as the driving source of each. 
io Alternatively, the driving source many be any one of other electro-mechanical transducers including 
magnetostrictive vibrators. 

In each of the above-described embodiments, the driving member is in surface-to-surface contact with 
the moving member. This makes it possible steadily to ensure a sufficient frictional coupling force over the 
contacting surfaces without raising deliberately the contact pressure on these surfaces under any of the 
75 following circumstances: where the structure of the host device incorporating the driving apparatus requires 
introducing lubricant between the driving and the moving member; where the contacting surfaces are 
specularly finished; or where the positional relationship between the driving and the moving member is 
varied relative to the direction of gravity in accordance with the attitude in which the host device (e.g., 
camera) containing the driving apparatus is operated. This feature enables the inventive driving apparatus to 
?o minimize wear on the contacting surfaces of the driving and moving members while providing a stable 
driving force at high velocity. 

What follows is a description of how the piezo-electric element typically works. Fig. 5 is an equivalent 
circuit diagram of the piezo-electric element. In Fig. 5, the amount of charge in a capacitor Cp corresponds 
to the amount of displacement effected by the piezo-electric element. Traditionally, the driving of the piezo- 
25 electric element is controlled by the voltage of driving pulses that are supplied thereto. Specifically in the 
equivalent circuit, the amount of charge in the capacitor Cp is controlled by varying the change in the 
voltage of the driving pulses. 

Suppose that the piezo-electric element is supplied with the driving pulses (voltage) whose waveform is 
that of Fig. 6 (a), in which each pulse is composed of a rapidly rising leading edge followed by a slowly 
30 falling trailing edge. When fed with such driving pulses, the piezo-electric element produces displacements 
of rapid expansion and slow contraction. 

In such a case, the piezo-eiectric element generates a short-period vibration by responding excessively 
to the changes of the input driving pulses. The vibration is called "ringing." With the ringing added to its 
intrinsic displacements, the piezo-electric element produces over time the displacements illustrated in Fig. 6 

35 (b). 

It is well known that the ringing vibration is offset by making the rise time of each driving pulse an 
integer multiple of the resonance frequency of the driving system in use. It is also known that the moving 
member is moved only when the rise time of each driving pulse is made shorter than its fall time. This 
means that the rise time of the driving pulse must be less than half of, or in practice much smaller than, 
40 each driving period. 

What the inventors found was the following: since the amount of charge in the capacitor Cp in the 
equivalent circuit of Fig. 5 corresponds to the amount of displacement effected by the piezo-electric 
element, a quick displacement of the element is obtained by rapidly charging the capacitor Cp using a large 
current; a slow displacement of the piezo-electric element is acquired by slowly charging the capacitor Cp 

45 using a constant current. Because desired displacements of the piezo-electric element are produced just as 
effectively in this manner, the inventors developed a novel driving method for controlling the current of a 
driving signal that drives the piezo-electric element. 

Fig. 7 is a circuit diagram of the first example of the driving circuit used by the piezo-electric element 
according to the invention. In this diagram, a constant current circuit RC includes an operation amplifier Am 

so and transistors Tr1 and Tr2. The input side of the constant current circuit RC is connected to a power 
source V2. The output side of the circuit RC is connected to a piezo-electric element 18. The source 
electrode of a field-effect transistor FET is connected to a power source VI. The drain electrode of the 
transistor FET is connected to the piezo-electric element 18 by way of the output side of the constant 
current circuit RC. The gate electrode of the field-effect transistor FET is connected to a control pulse 

55 source. 

The driving circuit of Fig. 7 works as follows: when a control pulse is input to the gate electrode of the 
field-effect transistor FET, the source and the drain electrode conduct. This connects the piezo-electric 
element 18 to the power source V1 from which a large current flows to the former. When no control pulse 
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the slider 64 to move axially along the stationary member 61 . 

The slider 64 comprises a slider body 64a that frictionaliy contacts the driving shaft 63 and a mounting 
part 64e to which is attached the moving member such as the lens frame. The slider body 64a has a notch 
64b formed in the middle thereof. The right- and left-hand walls flanking the notch 64b have through holes 
64d penetrated by the driving shaft 63. The notch 64b has a groove 64c formed to contact approximately 
the lower half surface of the driving shaft 63, the groove having a semicircle cross section. The mounting 
part 64e has its -lower portion provided .with screw holes 64f through which screws are set to mount the 
target moving member (e.g., lens frame). 

The notch 64b has a friction member 65 engaged therein. The friction member 65 contacts from above 
the driving shaft 63 that penetrates the holes 64d. Under the friction member 65 is formed a groove 65a 
having a semicircle cross section. Thus formed, the groove 65a contacts approximately the upper half 
surface of the driving shaft 63. The friction member 65 is structured to engage snugly with the right- and 
left-hand walls of the notch 64b. 

The friction member 65 is pushed by a plate spring 66 against the driving shaft 63 for frictional contact 
therewith. The plate spring 66 is secured with screws 68 to the body 64a of the slider 64. The pushing force 
of the plate spring 66 may be adjusted by tightening or loosening the screws 68. 

What is shown in Fig. 12 is the driving apparatus 60 assembled as described above. The apparatus 60 
is an independent unit in the state shown. 

How the second embodiment above is equipped with the target moving member and mounted on the 
optical system will now be described with reference to Fig. 13. This optical system has its lens moved to 
permit various tests. Details of the optical system will be omitted, and only those aspects of the system 
which are relevant to the invention will be described. 

In Fig. 13, reference numeral 70 is a lens stand; 71 is a base; and 73 is a pillar fixed to the base 71 
with a screw 72. Reference numeral 74 represents a head arm secured to the pillar 73 with a screw 75 The 
driving apparatus 60 has one end 61a of its stationary member 61 attached to the head arm 74 and secured 
thereto with a screw 76. 

The mounting part of the slider 64 is equipped with a lens unit 77 that acts as the moving member The 
lens unit 77 is fastened with screws 78 to the slider 64. The screws, driven into the screw holes 64f of the 
T-shaped overhung mounting part 64e, may be removed from above. Thus the lens unit 77 is easy to 
dismount for repair, cleaning, adjustment or other servicing purposes. 

The stationary member 61 is attached to the head arm 74 of the stand 70 that belongs to the optical 
system. When the stationary member 61 is to be attached, one end 61a of the stationary member 61 is first 
inserted into an opening of the head arm 74, and the screw 76 is tightened from above. Loosening the 
screw 76 allows the driving apparatus to be readily dismounted from the optical system. If the piezo-electric 
element 62, slider 64 or any other part in the driving apparatus 60 develops irregularities that need to be 
repaired, or if the driving apparatus 60 alone needs to be tested, it is easy to remove the driving apparatus 
60 from the optical system. Prior to initial assembly, the driving apparatus 60 may be tested independently 
in the state shown in Fig. 12. When the test results are found to be normal, the driving apparatus 60 may 
be assembled into the optical system. 

Illustratively, where the lens unit 77 is coupled only with the driving apparatus, loosening the screw 76 
allows the driving apparatus and the lens unit to be dismounted together. Where the lens unit 77 is coupled 
integrally with other members of the optical system and cannot be disconnected therefrom, the driving 
apparatus 60 alone can still be dismounted as needed by removing the screws 76 and 78. 

The driving apparatus 60 is provided independently of the structure and size of the optical system. It 
follows that the driving apparatus 60 may be used in combination with any other system as long as the 
latter is structured suitably to accommodate and secure the mounting part 61a and to have the target 
moving member engaged with the slider 64. It is even possible for the same driving apparatus to be 
switched from one optical system to another for use therewith: the photographic lens of a camera, the 
projection lens of an overhead projector and others. In addition to the optical systems, the driving apparatus 
may also be used with other kinds of devices equipped with a moving member, such as X-Y tables and 
plotters. The inventive driving apparatus is thus used in a wide range of general-purpose applications. 

The driving apparatus above provides a linear drive motion without the use of transducers such as gear 
trains. If used in place of conventional motors, the driving apparatus can drastically simplify the structure of 
the host device. When produced and marketed as an independent unit, the driving apparatus can find its 
way into varieties of usage. 

During assembly, the driving apparatus may be singled out to have its electro-mechanical transducer 
(i.e., piezo-electric element) bonded with the driving member and with the stationary member. Thus 
separated from the other components, the driving apparatus may be subject to such severe conditions as 
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long-term hardening treatment and high-temperature treatment The result is an apparatus constitution of 
high strength. Because such driving apparatuses may be treated on a batch basis, a large quantity of them 
may be bonded at one time. 

The conventional driving apparatus shown in Fig. 50 has only one end of its piezo-electric element 212 
5 supported by the driving member support 213. (The other end of the piezo-electric element 212 connected 
with the driving member 217 is a free end.) This structure is vulnerable to the effects of vibration and 
cannot transmit the expanding and contracting displacements of the piezo-electric element 212 precisely to 
the driving member 217. 

By contrast, in the second embodiment of the invention, the piezo-electric element 62 has one of its 
to ends bonded to one wall 61 f constituting the hole 61b; the other end of the piezo-electric element 62 is 
supported by the pressing force from the plate spring 62 via the driving shaft 63. With both its ends thus 
supported, the piezo-electric element 62 is much less likely to develop vibration in the portion fixed to the 
stationary member 61. This makes it possible to transmit faithfully the expansion and contraction of the 
piezo-electric element 62 to the driving shaft 63. Furthermore, because that surface of the piezo-electric 
rs element 62 which is bonded to the stationary member 61 is supported crosswise on both ends, the vibration 
becomes much less pronounced. This ensures steady transmission of the generated displacements to the 
driving shaft 63. 

The stationary member 61 is designed to protect the piezo-electric element 62 and slider 64, to guide 
the driving shaft 63, to keep the slider 64 and lens unit 77 from rotating, and to fix the driving apparatus 

20 itself. The design has reduced the number of component parts used and has rendered the apparatus 
smaller. The slider 64 and lens unit 77 may alternatively be stopped from rotating by other means, including 
the use of a driving shaft with a rectangular cross section. 

When the actuating force of the plate spring 67 applies an appropriate pressure to the piezo-electric 
element 62, the distance and the force of expansion and contraction of the element 62 are increased as 

25 desired. There is a significantly reduced possibility of the bonded piezo-electric element 62 getting 
separated from the stationary member 61 or from the driving shaft 63. Should such separation occur, the 
actuating force of the plate spring 67 still transmits an appreciable portion of the expansion and contraction 
of the piezo-electric element 62 to the driving shaft 63. Thus the performance of the driving apparatus can 
be preserved to some extent. 

30 The slider 64 and the friction member 65 may each be composed of a permanent magnet, as depicted 
in Fig. 2. In that case, the plate spring 66 becomes unnecessary. This makes it possible further to reduce 
the number of component parts, whereby the driving apparatus is made smaller in size. 

In the conventional driving apparatus of Fig. 50, the frictional contact between the driving member 217 
and the barrel 201 is accomplished at a point or along a line by actuation of the spring 214. This kind of 

35 contact often lacks stability and durability over the contacting surfaces of the parts involved. In the above 
embodiment, by contrast, the friction member and the slider have each a groove shaped to fit the outer 
surface of the driving shaft. With the friction member and the slider sandwiching the driving shaft, these 
parts stay in surface-to-surface contact therebetween. This structure enhances the stability of the frictional 
force and the durability of the contacting surfaces between the parts thus engaged. The improvements in 

40 turn lead to better performance and higher reliability of the driving apparatus. Alternatively, the grooves may 
each be a V-groove so that the driving shaft is in linear contact with the grooves along four straight lines. 
The alternative structure further enhances the performance and reliability of the driving apparatus. Another 
alternative is that one groove may have a semicircle cross section and the other groove a V-shaped cross 
section. 

45 The mounting part 61a of the driving apparatus need not be cylindrical; it may be any one of the 
variations depicted in Fig. 15 (a) through Fig. 15 (e). As illustrated, the mounting part 61a may be furnished 
with a male screw 61 p or a female screw 61 q. Such a threaded portion if provided allows the driving 
apparatus to be combined with diverse kinds of host devices. At the same time, the threaded portion 
reinforces the mounting strength of the components thus engaged. A flat cutout 61 r formed on the mounting 

50 part 61a prevents the driving apparatus from rotating and provides for the precise mounting of the latter. A 
through hole 61s made on the mounting part 61a in its radial direction allows that part 61a to be fixed with a 
screw. This reinforces the mounting strength of the parts engaged. 

Fig. 16 (a) depicts a variation of the driving apparatus shown in Fig. 11 and Fig. 12, and Fig. 16 (b) 
shows the same structure as that of Fig. 12 for comparison. With the variation of Fig. 16 (a), end plate 61 h 

55 comprising the bearing hole 61 e is formed as a discrete entity that may be detached from the stationary 
member 61. In the assembled state, the end plate 61 h is secured with screws 61s to the stationary member 
61. The structure allows the slider 64 alone to be dismounted while the stationary member 61 remains in 
place. This feature lowers the cost of having component parts of the driving apparatus replaced while 
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enhancing the degree of freedom at which the driving apparatus is assembled. 

The second embodiment described above works on the same operating principle as that of the prior art 
In operation, the piezo-electric element 62 is supplied with one of two kinds of voltages whose waveforms 
are shown in Fig. 14 (a) and Fig. 14 (b). With one waveform, each pulse is composed of a slowly rising 

5 leading edge followed by a rapidly falling trailing edge; with the other waveform, each pulse is composed of 
a rapidly rising leading edge followed by a slowly falling trailing edge. Continuous supply of such driving 
pulses causes the piezo-electric element 62 to expand and contract either slowly or rapidly. When the 
piezo-electric element 62 expands and contracts slowly, the lens unit 77 moves simultaneously with the 
driving shaft 63; when the piezo-electric element 62 expands and contracts rapidly, the lens unit 77 remains 

10 motionless. 

Described below with reference to Fig. 17 is the above-described driving apparatus as it is applied to 
the lens barrel of a camera. In Fig. 17, reference numeral 86 indicates a piezo-electric element A mounting 
part 83 is bonded to one end of the piezo-electric element 86. A driving shaft 88 is bonded to the opposite 
end of the piezo-electric element 86. 

75 Reference numeral 84 represents a slider. The driving shaft 88 penetrates a hole and a groove formed 

on the slider 84. A friction member 89 having a groove thereon is attached to the slider 84 so that the 
driving shaft 88 is sandwiched between the grooves of the friction member 89 and of the slider 84. The 
friction member 89 is held in place by a plate spring 90 fixed with screws 91. The plate spring 90 has a 
convex portion pushing against the friction member 89. The convex portion of the spring generates a 

20 frictional force between the friction member 89, driving shaft 88 and slider 84. The mounting part 83, piezo- 
electric element 86, driving shaft 88, slider 84, friction member 89 and plate spring 90 constitute an 
integrated, independent unit. 

Reference numeral 81 stands for a fixed lens barrel. Inside the fixed lens barrel 81 is .a lens frame 82 
that holds a lens L The lens frame 82 moves inside the fixed lens barrel 81 in the optical axis direction (i.e., 

25 in the vertical direction as seen in Fig. 17). As with the second embodiment, the lens frame 82 is attached 
with screws 85 to the slider 84. The piezo-electric element 86 is attached together with the mounting part 
83 to the inside of the fixed lens barrel 81. 

In this assembled state, the voltages whose waveforms are shown in Figs; 14 (a) and 14 (b) are 
supplied to the piezo-electric element 86. This causes the lens frame 82 to move in the optical axis 

30 direction. Thus the focusing lens or a variator lens may be driven within the barrel in a directly linear 
manner. 

Before being assembled into the host system, the driving apparatus can be tested alone for perfor- 
mance. For maintenance such as repair, the driving apparatus may be detached and serviced all by itself. 
Fig. 18 is a cross-sectional view illustrating in an enlarged manner the contacting portions between the 

35 driving shaft 63 and the slider 64 associated with the driving apparatus shown in Fig. 11 through Fig. 13. A 
friction member 65 is interposed between the driving shaft 63 and the slider 64 to generate a frictional force 
therebetween. The friction member 65 is pushed against the driving shaft 63 for frictional contact therewith 
by the plate spring 66 secured with screws 68 to the body 64a of the slider 64. The right face and left face 
of the friction member 65 is engaged closely with the face 64b of the slider body 64a so that the friction 

40 member 65 will not deform relative to the slider 64. The actuating force of the plate spring 66 is transmitted 
to the driving shaft 63 via the non-deforming friction member 65. Thus even when the driving shaft 63 is 
reciprocated by the piezo-electric element 62 at different velocities in the forward and reverse directions, 
the plate spring 66 will not be deformed elastically in the moving direction of the driving shaft 63. 

What follows is a description of typical relationships between the moving velocities and the elastic 

45 moduli of some typical materials from which to produce sliders and friction members. Fig. 19 lists the 
materials selected by the inventors to be formed into the necessary components, along with the results 
from having these components tested for their moving velocity using driving pulses of a frequency of 25 
kHz supplied to the piezo-electric element connected. The listed materials having different elastic moduli 
are: stainless steel (SUS), phosphor bronze, zinc (Zn), aluminum (AX), a high-polymer fiber-reinforced 

so composite PPS (containing 40 vol% of glass fiber (GF)), a high-polymer fiber-reinforced composite PC 
(containing 20 vot% of glass fiber (GF)), polycarbonate (PC), and polyethylene (PE). 

The test results given in Fig. 19 reveal that the slider and friction member materials having lower elastic 
moduli are more liable to deform elastically in the moving direction of the driving shaft, thus reducing the 
velocity of movement. Accordingly, the slider and the friction member should preferably be produced from 

55 the materials having an elastic modulus of at least 500 kgf/mm 2 . 

In some of the inventors' experiments, the slider, the friction member and the driving shaft were each 
made of a metal or metal compound. In such cases, the contacting surfaces of the parts involved developed 
seizure (in which the driving shaft, slider and friction member were stuck). Seizure did not occur where the 
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slider and the friction member were each composed of a metal or meta! compound and the driving shaft 
was made of a high-polymer fiber-reinforced composite. Where that component composition makeup was 
reversed, i.e., where the slider and the friction member were each composed of a high-polymer fiber- 
reinforced composite and the driving shaft was made of a metal or metal compound, the driving shaft 
5 became heavier than when it was formed of the high-polymer fiber-reinforced composite. In this case, the 
resonance frequency of the driving system dropped and the velocity of movement was reduced accord- 
ingly. 

The results of the experiments indicate that it is preferable to have the driving shaft composed of a 
high-polymer fiber-reinforced composite and to have the slider and friction member formed of a metal or 

to metal compound each. 

Some aspects regarding the shapes of the slider and friction member will now be described. When the 
driving mechanism of this invention is operated for extended periods of time, the friction between the 
driving shaft, slider and friction member causes their contacting surfaces to wear. If left unchecked, the 
particles from the wear would accumulate on the contacting surfaces and worsen the performance. One 

75 proposed solution to this potential bottleneck is as follows: on the slider 64, that groove of the notch 64b 
which contacts substantially the lower half surface of the driving shaft 63 is arranged to have a V-shaped 
cross section instead of the semicircle cross section 64c shown in Fig. 11; likewise, that groove under the 
friction member 65 which contacts substantially the upper half surface of the driving shaft 63 is equipped 
with a V-shaped cross section in place of the semicircle cross section 65a in Fig. 11, as shown in Fig. 20 

20 and Fig. 21. 

More specifically, the variation of Fig. 20 involves having the groove 64c of the notch 64b on the slider 
and the groove 65a under the friction member 65 (Fig. 11) replaced respectively by the grooves 64m and 
65m having the V-shaped cross section each. The particles from the wear over the contacting surfaces of 
the driving shaft, slider and friction member are pushed out onto the bottoms of the V grooves 64m and 

25 65m (with no contact with the driving shaft) to be evacuated outside. 

The variation of Fig. 21 involves having the middle of the slider body 64a equipped with a notch 64n 
having a V-groove along the driving shaft 63. Another V-groove 65n is formed under the friction member 65. 
Thus formed, the friction member 65 is engaged from above with the notch 64n of the slider body 64a. On 
the right- and the left-hand side of the notch 64n in the slider body 64a are embossed parts 64p contacting 

30 the fringe peripheries of the friction part 65. The embossed parts 64p are intended to prevent the friction 
part 65 from following the action of the driving shaft and thus moving away axially from the slider body 64a. 
This structure allows the slider mechanism to be opened upward when the friction member 65 is removed, 
whereby the slider may be mounted and dismounted in a direction other than the axial direction of the 
driving shaft. 

35 Although not shown in Fig. 20 or 21 f the above-described two variations each have the friction member 
pushed by a plate spring against the driving shaft for frictional contact therewith, the plate spring being 
secured to the slider body with screws. As with the second embodiment in Fig. 11, the actuating force of 
the plate spring may be adjusted by tightening or loosening the screws securing it. 

As described, the driving apparatus using an electro-mechanical transducer comprises means for 
40 generating a frictional force between the driving member and the moving member. The frictional force 
generating means is composed of an elastic member fixed to the moving member for generating an 
actuating force, and of a friction member for transmitting the actuating force generated by the elastic 
member to the driving member. The friction member is engaged snugly with the moving member in the 
moving direction of the driving member. The engagement keeps the friction member undisplaced with 
45 respect to the moving member. 

The structure of the driving apparatus allows the actuating force of the elastic member to be transmitted 
to the driving member via the friction member that remains motionless with respect to the moving member. 
When the driving member is axially reciprocated at different velocities in the forward and reverse directions, 
the elastic member is not elasticaily deformed in the moving direction of the driving member. Thus the 
50 moving member is driven stably at high velocity. 

The moving member and friction member are each composed of a material with an elastic modulus of 
at least 500 kgf/mm 2 . With the moving and friction members made of such materials, they will not develop 
elastic deformation in the moving direction of the driving shaft. 

The driving member is composed of a high-polymer fiber-reinforced composite, and the moving and 
55 friction members are each formed of a metal or metal compound. This member composition makeup 
prevents seizure over the contacting surfaces of the engaged parts and ensures steady driving action. 

Preferably, the driving member, moving member and the friction member may have a V-groove formed 
on each of their contacting surfaces. The V-groove structure facilitates evacuation of the particles from the 
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wear on the contacting surfaces, thereby ensuring stable driving over long periods of time while maintaining 
the performance of the driving apparatus. 

How the piezo-electric element works will now be described in connection with the second embodiment 
driven by that element and shown in Figs. 11 through 13. Fig. 22 is a block diagram of a typical driving 
5 circuit 100 used by the piezo-electric element according to the invention. In Fig. 22, the driving circuit 100 
drives the piezo-electric element 62 by. charging and discharging it using two different currents a and b - 
(current a > current b). When driven selectively with the two currents of different magnitudes, the piezo- 
electric element 18 expands and contracts at different velocities. 

Fig. 23 is an electrically equivalent circuit diagram comprising a piezo-electric element, a driving shaft 
w and a slider (i.e., moving member) and showing how a frictional force is generated illustratively between the 
driving shaft and the slider. 

In the Fig. 23, it is denoted that: 
C d : Capacitance of piezo-electric element (dielectric part) 
C p : Capacitance of piezo-electric element (piezo-electric effect part) 
*s *V Resistance of piezo-electric element (piezo-electric effect part) 
L p : Inductance of piezo-electric element (piezo-electric effect part) 
L r : Inductance which is equivalent to driving member 
L m : Inductance which is equivalent to moving member 
D f : Trigger diode which is equivalent to frictional force 
20 Referring to Fig. 22, the driving circuit 100 comprises a control circuit 101, an input device 102 for 

inputting the target position toward which to move the slider 64, a current a charging circuit 103. a current a 
discharging circuit 104, a current b charging circuit 105, a current b discharging circuit 106, and a position 
detector 107 for detecting the present position of the slider 64. Fig. 24 is a circuit diagram showing 
examples of the current a charging circuit 103, current a discharging circuit 104, current b charging circuit 
25 105 and current b discharging circuit 106. 

The input device 102 may illustratively be a rotation angle detector attached to a zoom operating ring 
for applications where the lens L is moved in zoom action. The position detector 107 for detecting the 
position of the slider 64 may illustratively be of a known type comprising magnetized rods and a magnetic 
reluctance element for detecting any one of these rods. The magnetized rods may be spaced equally apart 
30 and positioned in parallel with the driving shaft 63. The magnetic reluctance element may be attached to 
the slider 64, located close to the magnetic rods for detection of the latter. 

The current a charging circuit 103 charges the piezo-electric element 62 rapidly using a large current. 
When the current a charging circuit 103 is activated, the piezo-electric element 62 produces a displacement 
of rapid expansion. The current a discharging circuit 104 discharges the piezo-etectric element 62 rapidly 
35 using the large current. Activating the current a discharging circuit 104 causes the piezo-electric element 62 
to produce a displacement of rapid contraction. 

The current b charging circuit 105 is a constant current charging circuit that charges the piezo-electric 
element 62 slowly using a constant current smaller than that of the current a charging circuit 103. With the 
current b charging circuit 105 activated, the piezo-electric element 62 produces a displacement of slow 
40 expansion. The current b discharging circuit 106 is a constant current discharging circuit that discharges the 
piezo-electric element 62 slowly using a constant current smaller than that of the current a discharging 
circuit 104. Activating the current b discharging circuit 106 causes the piezo-electric element 62 to produce 
a displacement of slow contraction. The current b charging circuit 105 and current b discharging circuit 106 
are designed to be a constant current charging circuit and a constant current discharging circuit, 
45 respectively. This is because, as evident from the operating principle, the piezo-electric element 62 slowly 
expanding and contracting will drive the moving member most efficiently when displaced at the most 
constant velocity possible. 

When the piezo-electric element 62 produces displacements of slow expansion and contraction, the 
driving shaft 63 is moved slowly in the axial direction. The action effectively moves the slider 64 that is 
so frictionally coupled with the driving shaft 63. When the piezo-electric element 62 expands and contracts 
rapidly, the driving shaft 63 moves rapidly in the axial direction. At this point, the inertia of the slider 64 
frictionally coupled with the driving shaft 63 overcomes the frictional coupling force therebetween, allowing 
the slider 64 to stay substantially motionless where it is. 

The above motionless state qualified as "substantial" includes the following case: regardless of the 
55 moving direction, the slider 64 follows the driving shaft 63 in motion while slipping over it, thus moving as a 
whole in the arrowed direction a depending on the time interval between the pulses. 

The driving operation effected by the above-described driving circuit 100 will now be described with 
reference to Fig. 13 and to Figs. 25 and 26 showing the timings of the driving operation. 
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How the lens L is moved in the arrowed direction a (Fig. 13) will be described first. The movement is 
accomplished by getting the piezo-electric element 62 to expand slowly in the arrowed direction a and to 
contract rapidly opposite to the arrowed direction a. This requires selectively activating the current b 
charging circuit 105 and the current a discharging circuit 104 in order to charge the piezo-electric element 

5 62 slowly and then to discharge it rapidly. The piezo-electric element 62 is supplied with driving pulses of 
the waveform (a) in Fig. 25 wherein each pulse is composed of a slowly rising leading edge followed by a 
rapidly falling trailing edge. This produces a pulse current (b) in Fig. 25 wherein each pulse is made up of a 
positive constant current portion followed by an abruptly failing negative current portion. The current causes 
the piezo-electric element 62 to generate displacements of slow expansion in the arrowed direction a and of 

70 rapid contraction opposite to the arrowed direction a. This in turn causes the driving shaft 63 and slider 64 
to move the lens L in the arrowed direction a. 

How the lens L is moved opposite to the arrowed direction a ( Fig. 13) will now be described. The 
movement is accomplished by getting the piezo-electric element 62 to expand rapidly in the arrowed 
direction a and to contract slowly opposite to the arrowed direction a. This requires selectively activating 

75 the current a charging circuit 103 and the current b discharging circuit 106 in order to charge the piezo- 
electric element 62 rapidly and then to discharge it slowly. The piezo-electric element 62 is supplied with 
driving pulses of the waveform (a) in Fig. 26 wherein each pulse is composed of a rapidly rising leading 
edge followed by a slowly falling trailing edge. This produces a pulse current (b) in Fig. 26 wherein each 
pulse is made up of a steep positive current peak followed by a constant negative current portion. The 

20 current causes the piezo-electric element 62 to generate displacements of rapid expansion in the arrowed 
direction a and of slow contraction opposite to the arrowed direction a. This in turn causes the driving shaft 
63 and slider 64 to move the lens L opposite to the arrowed direction a. 

Fig. 27 (a) illustrates a typical waveform of the voltage applied to the piezo-electric element 62. Fig. 27 
(b) pictures displacements of the driving shaft 63 activated in response to the applied voltage whose 

25 waveform is shown in Fig. 27 (a) by solid line (a), the view also indicating the amount of movement of the 
slider 64 frictionally coupled with the driving shaft 63 by broken line (b). 

Described below is how the slider 64 (including the lens frame 77 and the lens L) frictionally coupled 
with the driving shaft 63 is moved. In the description that follows, the driving shaft 63 will be called the 
driving member and the slider 64 (including the frame 77 and lens L), the moving member. The moving 

30 member frictionally coupled with the driving member is moved by the piezo-electric element 62 producing 
displacements of expansion and contraction. In such cases, when the acceleration of the driving member is 
below a critical value, the moving member frictionally coupled therewith is moved without slipping; when the 
acceleration of the driving member exceeds the critical value, the frictionally coupled surfaces start slipping 
over each other. 

35 Where the driving member is positioned horizontally, it is assumed that Fb stands for the actuating 
force of the spring 66 applying an additional frictional force between the driving member and the moving 
member, u for the coefficient of static friction, and Mm for the mass of the moving member. Given these 
assumptions, the maximum coefficient of static friction between the driving and the moving member is 
given as: 

40 

Fs = u(Mm»g + 2Fb) 

if ud is assumed to represent the coefficient of dynamic friction, the dynamic frictional force Fd is given as: 

45 Fd = ud(Mm-g + 2Fb) 

When the driving member is actuated, the moving member frictionally coupled therewith is moved 
correspondingly. At this point, when the acceleration of the driving member is below the critical value, the 
frictionally coupled moving member is moved thereby without slipping; when the acceleration of the driving 
so member exceeds the critical value, the frictionally coupled surfaces start slipping over each other. As 
mentioned earlier, the critical value AX of the acceleration is given as: 

At = Fs/Mm 

55 According to this invention, the velocity of the driving member which drives the moving member in the 

target given direction is exceeded by the velocity of the driving member which drives the moving member 
in the opposite direction. Whether the moving member is to be moved in one direction or in the other, the 
acceleration of the driving member is arranged to exceed the critical value At. 
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This means that whether the driving member moves in one direction or in the other, the driving member 
slips over the moving member frictionally coupled therewith. While such slippage is in progress, the moving 
member ,s subjected to the dynamic frictional force Fd in order to reduce the discrepancy in velocity 
relative to the driving member. y 

In such a case, the time t1 in which the moving member receives the dynamic frictional force Fd in the 
target direction due to the discrepancy in velocity relative to the driving member is longer than the time t2 
in which i the moving member receives the dynamic frictional force Fd opposite to the target direction As a 
result, the velocity change dv per cycle in which the moving member is driven in one direction or n the 
other is given as: 



dv = Fd(t1-t2)/Mm 

Fig 28 presents velocities of the driving member (in solid line (a)) and velocities of the moving member 
(in broken line (b)). As illustrated, the moving velocity of the moving member gradually increases as the 
moving member ,s repeatedly driven in one direction and in the other A steady velocity is attained when 
time t1 = time t2 (see Fig. 28). and the moving member is moved in the target direction 

F,g. 29 shows the acceleration of the driving member (in solid line (a)) and the moving acceleration of 
the moving member (in broken line (b)) in connection with the above movement 

Considered below is how the driving frequency for the driving member is typically related to changes in 
the velocity of the moving member moved horizontally by the driving member. 

Fig. 30 (a) through Fig. 34 (b) show the results of some of the inventors' experiments depicting how the 
driving frequency for the driving member is typically related to changes in the velocity of the movina 
member moved horizontally under conditions 1 and 2 comprising diverse parameters: dimensions mass 
and resonance frequency of the piezo-electric element: material type and mass of the driving member- 
resonance frequency and driving voltage of the component system; mass mm of the moving member 
actuating force Fb of the spring: and the static frictional force Fs. 

Fig. 30 (a) shows how the component system is affected by different resonance frequencies Specifi- 
cally, F.g. 30 (a) depicts how, under conditions 1 and 2 listed in Fig. 30 (b), the driving frequency for the 
driving member is typically related to changes in the velocity of the moving member moved horizontally 
Conditions 1 and 2 are resonance frequencies of 45 kHz and 25 kHz of the component system' 
respectively. ' ' 

Fig. 31 (a) shows how the piezo-electric element is affected by maximum driving voltages. Specifically 
Fig. 31 (a) indicates how. with the piezo-electric element driven under conditions 1 and 2 listed in Fig 31 
(b), the driving frequency for the driving member of the element is typically related to changes in the 
velocity of the moving member moved horizontally. Conditions 1 and 2 are maximum driving voltages of 30 
V and 20 V for the piezo-electric element, respectively. The other parameters remain unchanged 

Fig. 32 (a) shows how the piezo-electric element is affected by the waveform of applied driving pulse 
Specifically, Fig. 32 (a) illustrates how, with the piezo-electric element driven under conditions 1 and 2 listed 
in Fig. 32 (b), the driving frequency for the driving member of the element is typically related to changes in 
the velocity of the moving member moved horizontally. Condition 1 stands for the piezo-electric element 
provided with a driving pulse having an optimum waveform, and condition 2 represents the drivinq pulse of 
a sawtooth waveform. The other parameters remain unchanged. 

Fig. 33 (a) shows how the moving member is affected by its mass. Specifically, Fig. 33 (a) depicts how 
under conditions 1 and 2 listed in Fig. 33 (b). the driving frequency for the driving member is typically 
related to changes in the velocity of each moving member moved horizontally. Conditions 1 and 2 represent 
masses of 20 g and 40 g of the moving member, respectively. The other parameters remain unchanged 

Rg. 34 (a) shows how the driving member and moving member are affected by the frictional workinq 
force therebetween. Specifically, Fig 34 (a) depicts how, under conditions 1 and 2 listed in Rg 34 (b) the 
dnvmg frequency for the driving member is typically related to changes in the velocity of the moving 
member moved horizontally. Condition 1 denotes an actuating force of 500 gf of the spring generating a 
fr.ct.onal force of 200 gf. (The frictional force is determined by adjusting the actuating force of the spring 
Under condition 1, the frictional force of 200 gf is provided by setting the actuating force of 500 gf of the 
spring.) Condition 2 represents an actuating force of 1000 gf of the spring resulting in a frictional force of 
400 gf. The other parameters remain unchanged. 

The above-described results of the inventors' experiments reveal the following: that the driving 
frequency at which the moving member is moved most rapidly is affected significantly by the resonance 
frequency of the component system comprising the driving member and piezo-electric element (see Fig. 30 
(a)); and that the other parameters, while somewhat affecting the maximum moving velocity of the moving 
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Sated lhaf iT^rV^ °r I" driVin9 freqU9nCy CUrr6nt,y in effect - Additional experiments 
lolumes 93 aPP " ed t0 ° ther P ie20 " electric ele ™"ts of varying dimensions and 

theo^lnvTfl^ 8 6Xerted by ^ reS ° nanCe ,requenCy ° f the com P° nent 5 V stem ^e surmised 

£r^n 2 a '. f0l, ° W the dr,v,n 9 a P? aratus drives th « ^°ving member by utilizing different velocities of 

T T ' tS COntraCtin9 m0ti ° n - H0W6Ver ' When the movi "9 -n-nbar is driven by the 
p.ezo-electric element us.ng driving pulses of a frequency exceeding the resonance frequency of he 

Z P e°n n t en i Sy f " ?T UP * driVin9 member and P*~ebc*te element, it is impo "ib e to £ 
Z to he d«.rH P' e20 -f't Ctric e,ement in its '^acting motion. This is theoretically unavoidabS 
due to the delayed response of the piezo-electric element. In that case, the moving member cannot be 

ZvlT, ' k dr T 9 f ' 6qUenCy iS 3b0Ve the reS0nance fre ^ enc y « the component system 

re S on a nc. f theoretlcal * ud ' es *° tar failed to say how close the driving frequency can be set to the 
resonance frequency of the component system. 

h Q rJ o h nl in r t0rS ' 9 t Xperin : ents described in ^ate t"at the velocity of the moving member in its 

honzontal movement reaches its maximum level Vmax when the driving frequency is about half the 

1rZeo? T Uen V\? C ° mPOnent SVStem (SeS R9 - 30 «>■ ,f f is a - umed to repLenUhe d v ng 

frequency falling within the range of: y 

* f 1 * f S f f 1 

then the horizontal moving velocity v of the moving member falls within the range of: 

v £ Vmax/2 

That is, the moving member can be driven efficiently at a practically high enough velocity 

Conversely, where the driving frequency f is predetermined, the resonance frequency f1 of the 
component system is arranged to fall within the range of: 

f1 £ 3f/2 

This improves the moving velocity v. 

kH.ThinJ 1 iS th d6Sired t0 drive the movin 9 member sta bly at high velocity using a driving frequency of 20 
kHz or h.gher, the resonance frequency ft of the component system should be set for 30 kHz or higher 
*c JH S T«< 10 , stands for the resonance frequency in effect when the piezoelectric element has both 
rts ends left free and subject to no load, Mp for the mass of the piezo-electric element, and Mr for the mass 

lln B K T 9 ^ 6 " 1 d6r ^ assum P tions - the resonance frequency f1 of the component system is 

given by the following expression: 



fO 



fl = 



Mp 



Mp + 2 Mr 



(1) 



Described below are the results of comparative experiments conducted by the inventors comparing 
under varying conditions the velocity of the moving member moved by the inventive driving apparatus, with 
the velocity of the moving member moved by a conventional driving apparatus. 

Experiments 

The comparative experiments outlined above were carried out under the following conditions- 

- Resonance frequency of the piezo-electric element fr = 138 kHz 

- Mass of the piezo-electric element Mp = 0.29 g 

- Mass of the driving member Mr = 0.20 g 

- Mass of the entire moving member Mm = 50 g 
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- Voltage applied to the piezo-electric element V = 30 (displacement of 1.5 urn in static state under no 
The actuating force of the spring was set so as to produce the following frictional forces- 

" inventTdn * 2 °° 9 ' *" d ™ n9 ™ 6 th ° m0vin9 member accordin 9 to the 

- Dynamic frictional force of 2000 gf between the driving and the moving member as per the prior art 
Action reSP ° nSe " " 140 U5eC ' in 6ffeCt WhSn the drivln9 member is m0ved in the ^ 

' S^S?d!!SS? response 12 " 10 usec- in effect when the driving member is moved opposite to 

The following results were obtained: 





Maximum velocity 


Velocity peak frequency 


Conventional apparatus 
Inventive apparatus 


8 mm/sec 
40 mm/sec 


6 kHz 
25 kHz 



Comparin g the prior art with the invention in terms of characteristics 

Fig 35 is a diagram comparing typical characteristics of the invention in line (b) with those of the prior 
art in l.ne (a), the characteristics being in effect when low-frequency driving pulses are used Fiq 36 
compares typical characteristics of the invention in line (b) with those of the prior art (no line (a) appears) 
he characteristics being in effect when high-frequency driving pulses are used (i.e.. frequencies at which 
he maximum velocity is achieved). In each of these figures, solid lines (a) represent the characteristics of 
the pnor art and broken lines (b) those of the invention. 

In Figs. 35 and 36, the axis of abscissa stands for loads and the axis of ordinate for the current velocity 
of the moving member. The loads are adjusted by changing the mass of the moving member and by 
moving ,t upward. The zero load is in effect when the moving member is driven horizontally. The velocity is 
one which is in effect when the moving member is in a steadily moving state. 

At low driving frequencies, trade-offs in performance were found to exist between the invention and the 
prior art On the one hand, the inventive driving apparatus is superior to the conventional apparatus in 
having a less decrease in the velocity of the moving member when the driving member moves opposite to 
the target direction. This allows the inventive driving apparatus to boost its steady-state velocity. As shown 
in Fig. 28. the steady-state velocity may be increased close to the velocity at which the driving member 
formula'" direCti ° n ' The idea ' maximum velocitv of th e moving member is given by the following 

Velocity of Moving Member = Driving Velocity x Actual Displacement of Piezo-electric Element x 2 

On the other hand, the inventive driving apparatus working at low driving frequencies is not expected to 
drive heavy loads. 

Furthermore, the inventive driving apparatus has a slower build-up velocity than the conventional driving 
apparatus. Whereas the conventional driving apparatus attains its steady-state velocity starting from the first 
period, the inventive driving apparatus takes three periods to reach its steady-state velocity as shown in 
Fig. 27 (a), Fig. 27 (b), Fig. 28 and Fig. 29 (especially in Fig. 28). Given these advantages and 
disadvantages, the inventive driving apparatus operating at low driving frequencies is suitable for moving a 
low-load target object at high velocity (e.g., for moving an object horizontally). 

Described so far has been the comparison between the inventive and the conventional driving 
apparatus working at low driving frequencies. However, to operate at high velocity the driving apparatus 
such as one proposed by the invention requires that the driving frequency be as high as possible Fig 36 
compares typical characteristics of the invention with those of the prior art, the characteristics being in 
effect when the driving frequency is raised so that the moving member is driven at maximum velocity. With 
member" 9 qU9nCy thUS raiSed ' the conventional driving apparatus is incapable of driving the moving 

The immobility of the conventional driving apparatus is attributable to a difference between the invention 
and the prior art in terms of drivable frequency ranges. Fig. 37 compares typical characteristics of the 
invention with those of the Drior art in effort at 
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art and the broken line for the invention. 

In Fig. 37, the axis of abscissa represents driving frequencies and the axis of ordinate denotes 
velocities of the moving member. The velocities are those in effect when each moving member is moved 
steadily. As can be seen from the figure, the velocity of the moving member is increased substantially in 
5 proportion to the driving frequency being raised. The velocity peaks at a certain frequency, and then drops. 
The velocity of the moving member in the inventive setup peaks at a higher driving frequency than the 
velocity in the conventional setup. This affords the inventive driving apparatus the ability to provide higher 
moving velocities. 

Raising the driving frequency not only boosts the velocity of the moving member but also offers 
w benefits that offset the apparent disadvantages of the invention at low driving frequencies compared with 
the prior art. Such benefits include: a higher start-up velocity gained by the shortened driving cycle of the 
moving member; enhanced critical value AX of the acceleration derived from the boosted acceleration of the 
driving member to allow heavier loads to be driven; and a reduced noise level of the operation made 
possible because the apparatus may be driven at 20 kHz or higher, in excess of the audio frequency for the 
is human ear. 

The delayed response of the piezo-electric element used by the driving apparatus will now be 
described. The conventional driving apparatus using the piezo-electric element has its response delayed in 
accordance with the mass of the target object to be moved. This means that, as shown in Fig. 39, the 
piezo-electric element fed with an impact voltage such as one in Fig. 38 has different delayed responses in 

20 two states: in one state, the piezo-electric element moves both the driving member and the moving 
member; in the other state, the piezo-electric element moves the driving member alone. In Fig. 39, the solid 
line (a) represents the state where the driving member alone moves while the moving member slips and 
remains motionless, and the broken line (b) denotes the state where both the driving member and the 
moving member (not slipping) are moved. 

25 Assume that the delay times of the two states are represented by t1 and t2 (t1 » t2). When the driving 
member is moved in the target direction, the moving member does not slip and the delay time is t1. When 
the driving member is moved opposite to the target direction, the moving member is allowed to slip and 
thus its mass is ignored. In the latter case, the delay time is t2. If the driving cycle is longer than the sum of 
these two delay times (t1 + t2), the piezo-electric element fully expands with no delayed response, as 

30 shown in Fig. 40. If the driving cycle is shorter than the sum of the two delay times (t1 + t2), the piezo- 
electric element starts to contract before expanding to the full, as illustrated in Fig. 41. Accordingly, the 
amount of displacement effected by the piezo-electric element is reduced. This in turn lowers the velocity 
of the moving member. As a result, the velocity of the moving member driven by the conventional driving 
apparatus peaks in a driving cycle close to the duration of (t1 + t2) and at a driving frequency of 1/(t1 + 

35 t2). 

In Figs. 40 and 41, thick solid straight lines (a) represent the voltages, and curves in broken and solid 
lines (b) denote displacements of the piezo-electric element and hence of the driving member. In the 
broken line portions, the moving member is not slipping; the moving member slips in the solid line portions. 
In Fig. 41, the horizontal line (c) parallel to the axis of abscissa indicates the displacement level to which the 

40 piezo-electric element should normally expand when supplied with the voltage shown' in this figure. The 
broken line (d) curves represent the approximate positions to which the piezo-electric element expands 
when the moving member continues to slip. 

The delay in the response of a given system generally amounts to half of its resonance frequency. The 
resonance period is the reciprocal number of the resonance frequency. The resonance frequency f1 of a 

45 system having no slipping member is equal to the resonance frequency of the piezo-electric element of the 
system, one end of that element being secured and the other free end being attached fixedly to an integral 
assembly of the driving and moving members. The resonance frequency f2 of a system having a slippery 
moving member is equal to the resonance frequency of the piezo-electric element of the system, one end 
of that element being secured and the other free end being attached fixedly to the driving member. 

so Assume that fO stands for the resonance frequency in effect when the piezo-electric element has both 
its ends left free and subject to no load, Mp for the mass of the piezo-electric element, and Mr for the mass 
of the driving member. Under these assumptions, the resonance frequencies fi and f2 of the component 
system are given as: 
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i 



75 



20 



25 



30 



35 



40 



45 



50 



fl = 



f2 = 



70 




Mp 

Mp + 2 (Mr + Mm) 
Mp 



Mp + 2Mr 



fh« th6 , re '° n ! n u e frec » uencies f1 and f2 ^us obtained, one finds the driving frequency fp1 at which 

the driving velocity of the conventional driving apparatus peaks, as follows: 

fp1 - 1/(t1 + t2), t1 - 1/(2- f1), t2 « 1/(2- f2) 



Therefore, 



f P i = 



2-fl-f2 

fl + f2 



Within 9 the rt dr ;r 9 frequenc y hi 9 her than its P^k fails to increase the velocity of the moving member 
With the prior art, the moving member cannot be driven at any higher velocity memoer. 

a nH?hf° rdin9 t0 I™** 0 "- the P^o-electric element is assumed to cause slippage between the driving 
and the movmg member both when expanding and when contracting. It is also assumed that ft represents 
he resonance frequency of such a piezo-electric element with one end thereof secured and theXr end 
thereof attached fixedly to the driving and moving members, .t is further assumed thatTdeSes fte 
resonance frequency of the piezo-electric element with one end thereof secured and th ^ other en therS 

driving J" 6 " " 'V^ driVin9 m8mber - Und9r thSSe ass -P«°ns. the invention is ar^ngi so S2 
driving frequency of the piezo-electric element will fall within the range of: 

2-fl-f2 

< f < £2 



fl + f2 



of thl™^ 963 T P ' ied ^ the pie2 °- electric element - ^d the displacements, velocities and acceleration 
of the moving member m the mventive driving setup are as illustrated in Fig. 27 (a), Fig. 27 (b), Fig. 28 and 

t^Sfr 9 t0 i he inVenti ° n ' Wheth6r thS driVin9 member moves in the tar 9 et direc «°n °r opposite to the 
target d.recfon, there occurs slippage between the driving and the moving member. This means that he 
delay t,me,s 2-t2 throughout the driving periods. Because the delay in response is much smaller wtth he 

42 e Z°rl ^ ? ^ (Sin ? " * t2) ' hiQh - fre ^ enc y *W"o pulses such as those shown In Rg 
' 2 m a l F I 43 1,1 a " OW * he f P'^o-electric element to be fully displaced. In this way, the driving frequency 

is made higher than ever before. n^'^y 

The driving frequency fp2 at which the velocity of the inventive actuator peaks is in the range of: 

fp2 < 12 

because 
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fp2 < 



2-t2 



t2 < 



2-f 2 



Where the fr.ct.onal force between the driving member and the moving member of the drivino 
apparatus , S made variable, a practically optimum frictiona. force is available, luch a setuo can prZnt 
those '°3ses of the driving energy which are attributable to excess frictiona. forces needtessty appTed 

emboa7rnen7 « T"* * ^ M ^ 49 te *» *** ° mb °«™<* * the invention. This 

chanced Tas ZZTZl T ^ ^° nai force between the living and the moving member may be 
changed as needed. The th.rd embod.ment is similar in constitution to the second embodiment of Fio 11 

Wtion ai r XCePt ' 0r ! °! *" SMder mechanism - ln describ '"9 *• third embodiment, the parts hav ng'heil 
func*onal ly equ.valent counterparts in the second embodiment of Fig. 11 are given .ike reference numeral 

S p^ai;rdtc;Ld scriptions of these parts are omitted - The constitution ° f th ° **» 

tocxid^tlrt^T* Pf' PeCtive View 0f the third embodiment. In Fig. 44, a friction member 65 
located on top of the sl.der 64 has a groove 65a formed underneath with a semicircle cross section The 

JUST, f 3 en K 9a9e l a driVin9 Sh3ft 63 ^ abOV6 int ° 3 n ° tch 64b of the slider eri pLrspTng 66 
pushes from above the assembly of the friction member 65 and driving shaft 63. Four screws 68 secure the 

dt Tng S 1 Z befeT * ^ ^ ^ * ^ ™ " ™ d * ^ 

thTml^Tf^", element 15 °- ^ S8C0nd element 150 penetrates athlgh hole 66a n 

the m.ddle of he plate spr.ng 66. Thus the inertial member 151 is located above the plate spring 66 

F.g. 45 (a) is a plan view showing the third embodiment as it is assembled, and Fig 45 (b) is a cross- 

aSmbl V ' eW " 3 P ' ane a ' 0n9 driViP9 Sh3ft 63 ^ a,S ° ShOWin9 the third 

thro 1 ?nr^\?^" ele ,T iC c elementS 62 and 150 WOrk wi " now be described with reference to Fig 46 
mnJS m , F 461 F ' 9 - 47 (3) and R9 " 47 (b) ShOW the third embodiment with its slider 64 being 
S thf ht h 0 ' 6 SpeCifiCal,y ' R 9- 46 de P icts how *• key components of the third embodiment work 

nt ™ * ♦ 8 ^ m0 T ement ° f the Slider> and Rg - 47 < a) il,ustrates the d ™ n 9 voltages applied to the 
p^zo-electnc elements during the movement in Fig. 46. Rg. 48, Fig. 49 (a) and Rg. 49 (b) show the thJd 
embod.ment with ,ts sl.der 64 being moved leftward. More specifically, Rg. 48 depicts how the key 
component of the third embodiment work during the leftward movement of the slider, and Fio 49 (a) 
thfliH. 9 V ° lta f S aPP " ed l ° the P ie2 °- electric dements during the movement in Fig. 48. Since 

Sn« 2? r <2T S s,mu,taneous| y with the fric ^n member 65, only the friction member 65 is shown in 
Rgs. 46 and 48 for space reasons; the movement of the slider 64 and that of the friction member 65 are the 

„„ J" R9 ' f F ', 3 ' 47 '* * 9 '" itel s,ate is 'sP'ssMstl by reference character A. In the initial stats 

Sitsrssss ssr* 62 ana 150 -* ,ea M - ^ ^ - — — « * * 

Starting from the initial state, both piezo-electric elements 62 and 150 are supplied with voltaoes in a 
sine wave curve each, as shown from A through C in Fig. 47 (a). This causes the two Szo elecfric 
e ements 62 and 150 to start expanding slowly, as shown in the state B of Fig. 46 As The p!ezo-eSc 
element 62 expands, so does the piezo-eiectric element 150. This causes the inertial member 151 to 
Z T a 2" PWard ,0r ° e and the friction member 65 a downward force. The force exerted to the friction 
member 65 increases the frictional force between the friction member 65 and the driving shaft 63 This 

f m8mber 65 3nd SHder 64 t0 f0 " OW the drivin 9 shaft 63 in the rlghhvard movement of the 
latter. The friction member 65 and slider 64 keep moving until the driving shaft 63 reaches its rightmost 
position, as shown in the state C of Fig. 46. H 

After that the supplied voltages are removed in keeping with the voltage curve that ranges from C to E 
in F,g. 47 (a). Th.s causes both piezo-electric elements 62 and 150 to contract. As the piezo-electric 
element 62 contracts, the driving shaft 63 moves leftward. The friction member 65 and slider 64 are about 
to follow the leftward movement of the driving shaft 63. At this point, however, the piezo-electric element 
150 contracts to exert a downward force onto the inertial member 151 while the friction member 65 is being 
pulled up. Th.s reduces the frictional force between the friction member 65 and the driving shaft 63, causing 
a slippage therebetween. As a result, the friction member 65 and slider 64 remain stationary where they 



EP 0 675 589 A1 



A driving apparatus according to claim 5. wherein said friction member is composed of a metal and 
wherem sa.d dnving member is made of a high-polymer fiber-reinforced composTte 

™ Vin9 H aW fl tUS accordin 9 10 claim 5 ' "herein said friction member is composed of a metal 
compound and where,n said driving member is made of a high-polymer fiber-reinforced composite 

A driving apparatus according to claim 1, wherein said driving circuit supplies said transducer with 
dnv.ng pulses of a frequency higher than the audio frequency for the human ear said d?5n pu^es 
^G^JS^ ^ <" ^ ~ - contracting directions iSS 
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FIG. A (a) 
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FIG. 5 
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FIG. 7 
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FIG. 8 (b) 
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FIG. 12 
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FIG.13 
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FIG. 14 (a) 
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FIG. 15(a) 
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FIG. 16(a) 
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FIG.17 
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FIG.18 
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